We present evidence that estimates of annual zooplankton production in Lake Ontario based on stratified plankton net tows are preferable to those based on single, integrated tows through the whole water column. Samples were collected roughly every 2 weeks during 1993 and 1994 at a deep midlake station and at a shallower nearshore station. Stratified net tows were taken through each of the epilimnion, metalimnion, and hypolimnion and the mean temperatures of these strata used in production calculations. Integrated net tows were taken through the whole water column and the mean temperature of the column used in production calculations. Production estimates based on stratified samples were consistently higher (up to 310%) than those based on integrated samples. We show that higher stratified estimates are partly due to higher plankton net filtering efficiency over the shorter stratified hauls and partly due to the lower mean temperatures used in integrated hauls. Our analyses provide a basis for approximating the error in integrated production estimates caused by temperature stratification, water column depth, and plankton net efficiency.
Introduction
Zooplankton are of key importance in the Lake Ontario food web, as they mediate the transfer of energy from lower to higher trophic levels (Waters 1977) . Results from a 1992 study in which trends in a number of trophic indicators were combined with whole-lake biomass estimates and predatorprey models showed planktivore energy requirements that were more than double zooplankton production estimates (Lake Ontario Committee 1992) . This imbalance provided the motivation for our closer examination of secondary production methods in large, deep lakes. Previous studies of zooplankton production in Lake Ontario have focused on the epilimnion so that only zooplankton from the warmer region of the water column were included. Separate studies focusing on production of Diaporeia and Mysis, relatively large hypolimnetic zooplankters, have also been conducted (Nalepa 1989; Johannsson 1995) . The epilimnetic studies include the food source of the primary planktivores but leave the majority of the water column unsampled. Although most abundant in the epilimnion, zooplankton are present in the entire water column, and all layers should be included in a complete assessment of available secondary production (Rigler and Downing 1984) .
Studies that have incorporated the entire water column have done so by a single, integrated net haul from the bottom to the surface of the lake. This tends to overrepresent the larger hypolimnetic animals relative to the smaller epilimnetic ones because net filtering efficiency is higher in the hypolimnion where seston is less concentrated (Johannsson 1987) . Furthermore, temperature is required for egg development times, and it is not clear what value to use for a thermally stratified water column through which animals can migrate daily. For instance, the mean temperature of the water column would be much lower than the temperature that the majority of zooplankton experience in the epilimnion.
In this study, we estimate zooplankton production for the entire water column in Lake Ontario by discretely sampling thermal strata in the water column for better estimates of an-imal concentration and temperature effects on the growth rate of zooplankton (Sarvala 1979; Vijverberg 1980) . We use single, integrated hauls for comparison, as they have typically been used in the past. We predict that the stratified approach will lead to increased estimates of zooplankton production by (i) improving estimates of animal concentration in all strata and (ii) utilizing more accurate measures of temperature and hence growth rate. We test these predictions with biweekly stratified and integrated zooplankton samples from two consecutive years at two reference sites in Lake Ontario, Canada.
Methods

Zooplankton sampling
Zooplankton samples were collected during the night at a midlake site (Station 41, 43°43¢18¢ ¢ N, 78°01¢01¢ ¢ W) and a nearshore site (Station 81, 44°01¢15¢ ¢ N, 76°49¢27¢ ¢ W) every 2 weeks from May to October 1993 and from April to October 1994. A closing net (110-mm mesh, 0.5-m mouth diameter) was used for vertical hauls through each of the thermal strata as well as for integrated hauls through the entire water column. Thermal strata (epilimnion, metalimnion, and hypolimnion) were determined from temperature readings taken every metre by an electronic bathythermograph lowered at each station. The hypolimnion at the deeper Station 41 was sampled in two approximately 50-m strata. Calibrated Rigosha meters were attached to the nets to measure net efficiency of each haul in 1994. In 1993, only the integrated and epilimnetic hauls were metered; net efficiencies were estimated at 80% for the other hauls (O. Johannsson, Department of Fisheries and Oceans, Burlington, Ont., personal communication). Use of a 110-mm-mesh sampling net will underestimate the abundance and production of smaller organisms such as rotifers and copepod nauplii. This should not affect our study, however, since the major objective is to contrast methods of estimating production based on various deployments of a standard plankton net.
Two replicates were made of each haul, and equal parts of the two were pooled for counting. Zooplankton were anesthetized with CO 2 and then immediately preserved in 4% sugar-buffered formaldehyde. All Bythotrephes cederstroemi, Mysis relicta, and Diaporeia hoyi in samples were identified and counted. Other species were enumerated in subsamples of a known volume containing a minimum of 500 animals. Body lengths were measured using a computerbased caliper system (Sprules et al. 1981 ) and converted to mass using length-mass regressions from the literature (Table 1) . For all samples from the midlake station in 1993, zooplankton were identified as bosminid and daphniid cladocerans, adult stages of the calanoid copepods Senecella calanoides and Limnocalanus macrurus, adults of other calanoid and cyclopoid copepods, and copepod nauplii and copepodites; no sex or clutch size data were collected. For all other samples, zooplankton were identified to species (Table 1), adults sexed, and eggs enumerated. With the exception of Limnocalanus, copepod nauplii and copepodites were not identified to species but were apportioned on the basis of adult abundances (Cooley et al. 1986 ).
Production to biomass ratio (P/B)
For the midlake station in 1993, production estimates for each sampling interval were based on daily P/B values (Stockwell and Johannsson 1997) where P/B is per day, w is body mass (milligrams dry), and CF is a correction factor for the back-transformation from logarithmic units (Stockwell and Johannsson 1997) . Daily P/B for each taxonomic group was predicted from the mean body mass for that group, and these were multiplied by total biomass for the group and summed across groups to give total daily production. Production for each sampling interval was calculated as the product of daily production and the number of days in the interval. Conversions between fresh and dry mass were done assuming a fresh to dry ratio of 10:1.
Egg ratio production
At the midlake station in 1994 and the nearshore station in both years, we used the egg ratio technique to calculate production for multivoltine zooplankton species following the methods outlined in Cooley et al. (1986) . Egg development time varies with temperature and was therefore estimated for each time interval using the average temperature of two adjacent sampling dates and a variety of species-specific relationships from the literature ( Table 2) .
Instantaneous birth rate between sampling periods was calculated following Paloheimo (1974) with modifications suggested by Brett et al. (1992) : Rosen (1981) . § Morgan (1976) . || Lewis (1979) . where r is growth rate (per day) and and N 1 and N 2 are the numbers of individuals at times t 1 and t 2 , respectively. The birth and growth rates were used to determine the number of new recruits in each time interval by the equation 
Cohort method
Because using the egg ratio technique assumes frequent reproduction, production during a time interval for the univoltine species L. macrurus and D. hoyi was estimated using the cohort method (Downing 1984 ):
where N 1 and N 2 are the numbers of individuals at times t 1 and t 2 and D w 1,2 is the change in body mass between time periods. Annual production for M. relicta was calculated using a modified version of the Hynes size-increment method (Johannsson 1995) . Two calanoid species, Epischura affinis and S. calanoides, were occasionally found in the samples but were not sufficiently abundant or frequently enough encountered for accurate production determinations.
Annual zooplankton production of the stratified wholewater column
Summing volumetric production estimates of all groups gives zooplankton production in each thermal stratum during a sampling period. Production estimates during each period are then summed to give seasonal production. These volumetric production values for each stratum were multiplied by the depth of the stratum to yield areal values, which were summed to give annual zooplankton production for the whole water column:
where P annual is areal production (g×m -2 ), P s is volumetric production (g×m -3 ), d s is depth (m), and s is stratum. Volumetric estimates of zooplankton production for the integrated samples were multiplied by the depth of the whole water column to convert to areal units. Temperature for the whole water column was the arithmetic mean of the temperatures taken at each 1-m interval.
Annual production was calculated for the period of thermal stratification, 85 days in 1993 and 107 days in 1994, and mean annual production was determined by taking a time-weighted average of production occurring in these two seasons.
Whole water column: a comparison of methods
To test whether using the average temperature for the whole water column was a reasonable basis for estimating zooplankton production from the integrated plankton tows, we estimated annual zooplankton production in three ways: (i) stratified, (ii) adjusted, and (iii) integrated. Stratified production was obtained by using the average temperature of each thermal stratum at each time period and summing production across strata. Production for the adjusted method was calculated using the same zooplankton abundance as for stratified but replacing the temperature of each stratum with the mean temperature of the whole water column. Integrated production values were based on samples collected by a single net haul through the entire water column and using the mean temperature of the water column. Plankton net filtering efficiencies and zooplankton abundance were identical for the stratified and adjusted methods but were different for the integrated estimate.
Analyses
To test the hypothesis that sampling method (stratified, adjusted, and integrated) does not affect zooplankton production estimates, we used repeated-measures analysis of variance (ANOVA) to analyze 1994 daily production values among methods with station incorporated as a factor between subjects. Only 1994 data were used because production at both stations was based on egg ratios, whereas the 1993 data included a mix of egg ratio and P/B methods, and daily production was used because the duration of thermal stratification differed between years. Filtering efficiencies of the plankton net and hence estimates of zooplankton biomass and density are hypothesized to differ between stratified and integrated methods. We used repeated-measures ANOVA to contrast mean biomass, density, and filtering efficiency between stratified and integrated samples, incorporating station as a factor. Again, only 1994 data were used for consistency. The 1994 densities of large and small zooplankton were analyzed separately to determine whether the integrated method biases towards the zooplankton in the lower part of the water column, yielding a higher proportion of large zooplankton compared with stratified samples. We used repeatedmeasures ANOVA with large and small zooplankton as repeated measures and method as a factor. Effects of temperature differences on the three methods of estimating zooplankton production were assessed qualitatively. To compare production between years, daily production, mean sample density, and mean sample biomass were used as repeated measures, each corresponding to a value for a given sampling interval with year as a factor between subjects. Cooley et al. (1986) ; These interyear contrasts were performed only on the stratified samples at the nearshore station because data collecting methods differed between the years at the midlake satation.
Statistical power to detect hypothesized effects
In most of our analyses, statistical errors in parameter estimates are high due to typical spatial and temporal variability of zooplankton in large lakes. Hence, the power of our statistical tests to detect treatment effects is generally low. Accordingly, we frequently discuss trends in the data even though statistical significance may be lacking.
Results
Distribution of zooplankton production within the water column
Zooplankton production at the midlake station was 126.9 g fresh·m ·year -1 in 1994 based on stratified samples (Table 3) . This difference may be due to the use of P/B models in 1993 versus the egg ratio model in 1994 (for this reason, subsequent contrasts do not include 1993 midlake data). The metalimnion and hypolimnion together contributed 17.4 and 14.5% of the annual production in 1993 and 1994, respectively. Zooplankton production at the nearshore station was 128.9 g fresh·m -2 ·year -1 in 1993 and 128.7 g fresh·m -2 ·year -1 in 1994. Strata below the epilimnion contributed 58.0% of the total annual production in 1993 and 18.6% in 1994 (Table 3) . Clearly, a substantial proportion of zooplankton production occurs below the epilimnion. Overall, 46% of this production below the epilimnion was due to larger animals (Limnocalanus, Diaporeia, and Mysis) (Fig. 1) .
Comparison of methods
The three methods generated significantly different estimates of daily production in 1994 (F = 5.14, df = 2,22, p = 0.015) ( Table 3) . As predicted, stratified production estimates are the highest and integrated the lowest. Adjusted estimates fall in between these latter two. Differences between stations were not significant (F = 0.09, df = 1,11, p = 0.77), but there was a marginal interaction between method and station (F = 3.43, df = 2,22, p = 0.05). There is a trend towards higher stratified production at the midlake station, probably because the greater depth of this station affects estimates expressed in areal units.
These differences in production estimates among techniques are due to the different temperatures used and to variation in plankton net filtering efficiency and resultant zooplankton abundance. In what follows, these factors are assessed individually.
Effects of plankton net clogging on zooplankton density and biomass
When water column layers are sampled separately, the plankton net's efficiency is likely to be high because the density of animals is low (e.g. in the hypolimnion) or because the haul length is relatively short (e.g., metalimnion and epilimnion). By contrast, when the net is pulled through the whole water column in an integrated tow, its filtering efficiency will continuously decrease, thus making the use of a single efficiency inappropriate. In this latter instance, the larger hypolimnetic animals are likely to be overrepresented in the sample because net efficiency is high at depth, whereas smaller epilimnetic animals will be underrepresented because efficiencies are low near the surface. We tested our hypothesis that integrated tows would underestimate production by directly comparing zooplankton abundance and biomass in integrated versus stratified hauls.
Concentrations of zooplankton in 1994 (Table 4) were not significantly different between stratified and integrated methods (F = 1.89, df = 1,13, p = 0.19), although stratified estimates tend to be higher than integrated estimates. There is no effect of station (F = 3.4, df = 1,13, p = 0.088) and no significant interaction between method and station (F = 1.00, df = 1,13, p = 0.34).
Although overall densities did not differ between methods, it is still possible that the larger hypolimnetic animals (Mysis, Diaporeia, and Limnocalanus) are overrepresented in the integrated hauls. To test this, we compared large and small zooplankton densities between the stratified and integrated methods. There was a significant difference in the concentration of large relative to small zooplankton between the two methods at the midlake station (F = 11.62, df = 1,12, p = 0.005): large animals were more abundant in the integrated haul as predicted. At the nearshore station, no difference was observed in the proportions between the two methods (F = 0.11, df = 1,12, p = 0.744), probably due to the relatively low densities of large zooplankton at the nearshore station (Table 5 ).
Analysis of biomass shows no significant differences between stratified and integrated methods in 1994 (F = 4.5, df = 1,13, p = 0.053), although there was an effect of station (F = 12.9, df = 1,13, p = 0.003). A significant interaction between method and station (F = 5.50, df = 1,13, p = 0.036) is caused by a difference in the biomass of the integrated haul between the two stations (effects testing: F = 8.2 df = 1,13, p = 0.013). These station effects are due principally to the greater depth of the midlake station. Overall, there are no statistical differences between stratified and integrated estimates of zooplankton abundance or biomass, but these contrasts are weakened by high variance in the data. The trend is that both abundance and biomass estimates are higher for stratified than for integrated methods, particularly at the deeper midlake station (Table 4) . As we speculated, this is due to higher net efficiencies for the stratified than for the integrated method (F = 5.52, df = 1,12, p = 0.037) ( Table 6 ). There are also differences in efficiencies among the strata (F = 7.73, df = 1,12, p = 0.017), with Table 4 . Mean zooplankton concentration and biomass (SE in parentheses) for midlake and nearshore stations in Lake Ontario, 1993 and 1994. Fig. 1 . Proportionate contribution to annual production of small zooplankton, Mysis, Limnocalanus, and Diporeia in the epilimnion, metalimnion, and hypolimnion for (a) nearshore, 1993, (b) nearshore 1994, (c) midlake 1993, and (d) midlake 1994. White bars, small zooplankton; black bars, Mysis; hatched bars, Limnocalanus. Diporeia proportionate production was too small to show on the figure. higher efficiencies for the thinner strata where net clogging is minimal. There is no significant interaction between strata and station (F = 0.008, df = 1,12, p = 0.93), suggesting that the differences observed among strata are the same at both stations. Effects testing shows that there was a significant difference in net efficiencies between stations when using integrated hauls (F = 5.45, df = 1,12, p = 0.038) but not when using the summed method (F = 3.76, df = 1,12, p = 0.076), again because of the greater depth of the midlake station. At the nearshore station, the net efficiencies of both methods were more similar than at the midlake station (Table 6). This is because the lengths of the integrated hauls at the midlake station were much greater than the hauls at the nearshore station.
These effects of filtering efficiency and abundance account for observed differences between adjusted and integrated production estimates, for which temperatures are identical but abundance differs. At the midlake station, adjusted production is 1.2 times integrated production (Table 3 , 1994 daily production). This corresponds to differences in zooplankton concentration and biomass of 1.3 and 1.5 times, respectively (Table 4, 1994) , and in net efficiency of 1.3 times (Table 6, 1994) . At the nearshore station, adjusted production is also 1.2 times integrated production (Table 3, 1994 daily production) . This corresponds to differences in concentration and biomass of 1.1 and 1.0 times, respectively (Table 4, 1994) , and in net efficiency of 1.1 times (Table 6, 1994) .
Effects of temperature
Stratified production estimates are higher than adjusted and integrated ones because the temperatures of the strata in which the animals were captured are used rather than the water column mean used for the latter two. Comparing stratified and adjusted production estimates is a direct test of this temperature effect because zooplankton abundance is identical for these two methods. At the midlake station, daily stratified production is 3.1 times adjusted production (Table 3). This is because temperatures are much higher in the epilimnion (17.1°C), where zooplankton are abundant, compared with the much lower 5.5°C of the integrated estimate (Table 6, 1994) . At the shallower nearshore station, temperatures for the various techniques are more similar (Table 6, 1994 ) and stratified production is correspondingly only 1.16 times integrated production.
Between-year comparison
At the nearshore station, we found no significant difference between 1993 and 1994 in stratified zooplankton production, density, or biomass estimates (Table 7) . There were significant differences among strata in all cases, although no significant interaction between year and stratum was found. However, there were some changes in composition; for example, B. cederstroemi, Polyphemus pediculus, and Daphnia pulicaria were absent in 1993 samples but present in 1994 samples.
Overall, mean individual zooplankton body size did not change at either station from 1993 to 1994 (nearshore station: paired t test, t = 0.163, df = 35, p = 0.872; midlake station: t = 0.939, df = 10, p = 0.341).
Discussion
Greater zooplankton production is generally expected in the epilimnion because the water is warmer and reproduction and development are more rapid than in the colder, deeper part of the water column. However, a substantial fraction of zooplankton production may occur below the thermocline. Ignoring this would lead to underestimates of zooplankton production.
The presence of copepod nauplii and copepodites below the thermocline indicates recruitment in the lower strata, and production by certain large species such as the hypolimnetic copepod L. macrurus may be entirely excluded when sampling only the epilimnion. By sampling each thermal layer in Lake Ontario, we found that 35.8% of total zooplankton production at the nearshore station and 19.2% at the midlake station occur in the metalimnion plus hypolimnion.
Zooplankton production estimates obtained using thermally stratified samples are greater than those obtained using only a single haul through the water column. Summing individual estimates from each layer results in higher production values for two reasons. First, temperatures at which the zooplankton are actually captured are used in determining their growth rates, whereas an average water column temperature used for the single-haul samples underestimates the temperature at which most zooplankton production occurs. An indication of this effect is the reduction in production noted for the adjusted technique, in which we replaced the temperature of each layer with the average temperature of the water column. Second, zooplankton biomass and density are more accurately measured in stratified than in whole water column samples. Evidence for this is the greater sampling efficiency of the net during shorter hauls within thermal strata compared with longer hauls over the complete water column. Stratified samples were generally taken through <50 m of water, whereas integrated hauls were up to 125-130 m at the midlake station. Even whole water column efficiencies are greater at the shallower nearshore site than at the deeper midlake site. At the nearshore station where no haul was >36 m, zooplankton density estimates between the two methods were comparable. Further evidence of sampling efficiency effects is the relatively greater density of large, hypolimnetic zooplankton in the integrated compared with stratified hauls, principally at the midlake station. In a whole water column haul, plankton net efficiency is initially high while it is passing through the relatively depauperate hypolimnion but begins to drop as animals accumulate and as the net encounters greater zooplankton density in upper strata. Integrated tows will thus produce production estimates biased towards larger, slower-growing hypolimnetic animals.
In the past, emphasis has been placed on zooplankton production in the epilimnion in Lake Ontario because alewife (Alosa pseudoharengus), the most abundant planktivore, feeds primarily in the epilimnion. However, zooplankton are present throughout the entire water column, and there are planktivorous fish such as rainbow smelt (Osmerus mordax) that feed below the epilimnion where there is little information on zooplankton production. Any effort to restore historical populations of deepwater herring in the lake would benefit from knowledge of potential zooplankton production at greater depths.
Zooplankton production, biomass, and density were not significantly different between 1993 and 1994. There was, however, a change in species composition, with larger species such as B. cederstroemi, P. pediculus, and D. pulicaria appearing in 1994 but not in 1993. A 1994 decline in the alewife population in Lake Ontario may have influenced zooplankton community structure. Alewife are known to play an important role in structuring zooplankton communities (Johannsson and O'Gorman 1991; Rand et al. 1994) , and Evans (1990) showed a rapid increase in large-bodied zooplankton following a decrease in alewife abundance in Lake Michigan.
Our analysis is based on the implicit assumption that the position of the animals in the water column at the time they are captured is fixed. This is unrealistic to the degree that species undergo daily vertical migrations that would affect abundance estimates in each stratum as well as the temperatures at which growth occurs. The appropriateness of a particular production estimate for the whole zooplankton assemblage (stratified, adjusted, and integrated) thus depends on the migration patterns of the species comprising the community. Ideally, each sampling trip to a site should consist of plankton net samples taken multiple times over a 24-h period. The diel migration pattern of each species could then be determined and appropriate adjustments made to the temperature and concentration components of the production estimates. It must be recognized, however, that this is an enormous amount of additional field and laboratory work when research on large lakes is already an expensive undertaking.
Another approach to the issue of vertical migration would be to consider whether each of the stratified, adjusted, or integrated methods would provide an over-or under-estimate of production given some general information about migration behaviour in the community. The integrated method would almost always give an underestimate because net clogging through very long vertical hauls causes underestimates of concentration, and the mean water column temperature used would only apply to organisms that spend equal time in each thermal layer during a 24-h period, a rare pattern to our knowledge. The stratified method uses more accurate stratumspecific concentration and temperature values. Resulting production estimates would be reasonable for organisms undergoing no or modest vertical migrations, high for organisms that go to cooler strata after the sample is collected, and low for organisms that go to warmer strata after sampling. Finally, the adjusted technique that uses stratum-specific concentrations and the mean water column temperature would result in production estimates too low for all species except those (unusual ones) spending equal time in all layers during a diel cycle. Considering these arguments, and the likelihood Table 7 . Repeated-measures ANOVA for between-year effects of zooplankton production (g·m -2 ·day -1 ), density (m -2 ), and biomass (mg·m -2 ) for the nearshore station, 1993 and 1994. that few Great Lakes species migrate from the coldest to the warmest water and back, stratified production estimates may be the most reasonable under a variety of conditions. Our analyses do not provide a final resolution to the task of acquiring accurate zooplankton production estimates in large lakes. We do feel that efforts to obtain stratified data are important because of improved concentration estimates and the inherent thermal layering in higher-latitude lakes. If this is not possible, however, our analyses at least provide a basis for approximating the potential error in integrated production estimates caused by temperature stratification, water column depth, and plankton net efficiency.
